ABSTRACT BALISH, EDWARD (Syracuse University, Syracuse, N.Y.), AND A. W. PHILLIPS. Growth and virulence of Candida albicans after oral inoculation in the chick with a monoflora of either Escherichia coli or Streptococcus faecalis. J. Bacteriol. 91:1744Bacteriol. 91: -1749Bacteriol. 91: . 1966.-Bacterial protection against intestinal infection by Candida albicans was investigated in chicks with a monoflora of either Escherichia coli or Streptococcus faecalis. These animals were obtained by orally inoculating germ-free chicks (3 days old) with pure cultures of bacteria. Each bacterial species was established in large numbers in the gut of separate groups of animals within 24 hr of inoculation; these numbers were similar in chicks examined 34 days later, at which time all animals were killed. The numbers of bacteria from contents of the crop, small intestine, and ceca were similar in chicks with the E. coli monoflora. Comparable results were obtained in chicks with the S. faecalis monoflora, except for decreased numbers in the duodenum and jejunum. Some of the monoflora chicks (7 days old) were transferred into separate isolators, orally inoculated with C. albicans, and observed for 34 days. All chicks grew well and appeared healthy. However, examinations at autopsy revealed severe crop infections in chicks with a diflora containing S. faecalis. Preferential growth of hyphae (C. albicans) occurred in the lesions and throughout the gut. The numbers of S. faecalis in the gut were comparable to those found in unchallenged animals. Agglutinins against C. albicans were not detected in our test or control chicks. Chicks with a difloracontaining E. coliand C. albicanshadafewmicroscopic crop lesions containing small numbers of hyphae. C. albicans was well established in the gut of these animals, largely as the yeast form. The numbers of E. coli in the gut were similar to those in control chicks. Thus, it was concluded that E. coli provided protection against crop infection by C. albicans. In crop contents from unchallenged animals, chicks with S. faecalis monoflora were about pH 5, whereas birds with E. coli monoflora were about pH 7. The challenge did not greatly change the former value, and the latter was slightly decreased. In the crop of unchallenged birds, negative Eh values were found in chicks with S. faecalis and positive Eh values in those with E. coli. Challenge did not greatly change these values. These data on pH and Eh were related to conditions for morphogenesis of C. albicans and virulence. No major difference in the concentrations of serum proteins was seen in chicks with E. coli or S. faecalis after challenge with C. albicans. Possible mechanisms of the protective effect of E. coli are discussed. 
possibility that intestinal bacteria may protect host against candidiasis of the gut, we next examined the question of which bacterial species might offer such protection. This problem was approached with the aid of germ-free chicks. Our selection of bacterial species was based on results of others who found that Escherichia coli was the predominant coliform and that Streptococcus faecalis was the predominant enterococcus in contents from certain segments of the gut of chicks (22) .
The present investigation was undertaken to compare the ability of individual bacterial species to protect germ-free chicks against infection of the crop by C. albicans after oral challenge. Separate groups of germ-free chicks were fed pure cultures of either E. coli or S. faecalis in attempts to establish an intestinal flora composed of a single bacterial species. These animals were then orally inoculated with C. albicans. Other aspects of this study included: (i) enumeration of numbers of viable bacteria and C. albicans in gut contents from gnotobiotic chicks to determine the reciprocal effects on multiplication of individual members of the intestinal flora, (ii) pH and Eh measurements on contents from the alimentary tract, (iii) serum proteins in gnotobiotic and conventional animals, and (iv) agglutinins against C. albicans in chicks.
MATERIALS AND METHODS
The materials and methods employed in the present study were described previously (1) with the following additions.
Organisms and culture media. E. coli ATCC 9723 and S. faecalis ATCC 8043 were employed as bacterial cultures. Bacteria were grown on nutrient agar (Difco) slants for 18 hr at 37 C and stored at 5 C until subcultured monthly.
Preparation of bacterial inocula and inoculation of germ-free animals. The preparation of C. albicans inoculum and its transfer into isolators containing germ-free animals have been described (1) Inoculation of chicks with C. albicans. Chicks were challenged at 7 days of age by adding C. albicans to the diet. It was estimated that each chick received about 106 cells (colony count). After challenge, the animals were maintained and observed for 30 days, at which time they were killed and examined.
Antibodies against C. albicans. Attempts were made to measure agglutinin titers against C. albicans in serum from chicks. Cells were obtained by growing C. albicans on Sabouraud dextrose agar (Difco) for 18 hr at 37 C. Harvested cells were washed three times with saline; stock suspensions were prepared with total cell counts of about 3 X 106 cells per milliliter. Tubes were prepared containing 1.0 ml of the serum dilution and 0.1 ml of antigen. These tubes were incubated for 1 hr at 37 C and then overnight at 5 C. They were then observed for agglutination.
RESULTS
Establishment ofbacteria in germ-free chicks. In separate groups of germ-free chicks receiving bacterial inoculations, large numbers of S. faecalis and E. coli were established in different segments of the alimentary tract ( Table 1 ). The smallest bacterial counts were found in the duodenum and jejunum of chicks with the S. faecalis monoflora. All of these bacterial counts were similar in samples taken either 24 hr or 34 days after inoculation of chicks. When the older chicks were examined at autopsy, there was no evidence of infection or penetration of tissues of the alimentary tract by either bacterial species employed. All of these chicks had satisfactory and comparable * These data were taken on the chicks described in Table 1. growth rates, and appeared to be healthy during the 34-day observation period.
Challenge of chicks containing S. faecalis. During the 30-day period of challenge, chicks with a diflora of S. faecalis and C. albicans appeared healthy and displayed satisfactory growth. However were found in chicks with S. faecalis and positive
Eh values in those with E. coli (Table 4) . These were not altered by the challenge. In unchallenged chicks, the small intestine and ceca had more negative Eh values in birds with E. coli than in those with S. faecalis. Again, challenge did not significantly alter these values. Serum proteins. Serum protein levels in chicks with a monoflora of E. coli were compared with those having a diflora of E. coli and C. albicans (Table 5 ). The levels of all serum proteins were slightly increased in these chicks after challenge with the pathogen. Similar results were obtained with chicks containing S. faecalis and C. albicans. Agglutinins against C. albicans were not detected in any of our test or control chicks.
DISCUSSION
Within 48 hr after oral challenge of germ-free chicks with either S. faecalis or E. coli, maximal numbers of these bacteria were present in contents from all segments of the alimentary tract. These numbers were larger than the numbers of enterococci and coliforms in contents from ceca and duodenum of conventional chicks of comparable ages (22) . The crop contents of our chicks with E. coli had far larger numbers than those in some conventional chicks (12), but not in others (1) . Thus, in some conventional animals, growth inhibition of S. faecalis and E. coli may occur because of other members of the flora. Although several different species of microorganisms were established in germ-free animals, certain bacteria isolated from the gingival crevice of man could not be established in germ-free mice (7). Our failure to establish a strain of Alcaligenes faecalis in germ-free chicks was previously described (19) . In our germ-free chicks receiving either S. faecalis or E. coli, the bacteria did not appear to penetrate host tissues, and no tissue damage was evident in the gut.
Our findings indicate that E. coli in the intestinal tract provides protection against crop infections in chicks after oral challenge with this pathogen, whereas S. faecalis provides no protection. Other investigators previously reported that E. coli in the gut protected animals against infections after oral challenge with different pathogens. E. coli inhibited multiplication of shigellae or Vibrio comma in the intestine of antibiotic-treated mice and guinea pigs (4). Mice containing a certain strain of E. coli in their intestinal flora were protected against challenge by pneumococci (2) . A monoflora of E. coli in guinea pigs protected them against infection after oral challenge with Shigella flexneri serotype 2a, whereas germ-free guinea pigs became infected after challenge; however, an intestinal monoflora of lactobacilli failed to protect the animals against shigellosis (5) . A hint as to a possible mechanism of this resistance may be in some of the properties of lipopolysaccharides from E. coli which were recently reviewed (11) . Mice were protected against toxic effects after intravenous injection of C. albicans by intraperitoneal injection of lipopolysaccharide prior to challenge (8) . However, with some pathogens, the presence of intestinal bacteria appears to be necessary for infection. For example, germ-free guinea pigs were resistant to intracecal challenge with Entamoeba histolytica, whereas conventional animals developed extensive ulcerative amoebiasis (20) . In contrast, when guinea pigs with a monoflora of either E. coli, Aerobacter aerogenes, or Bacillus subtilis were challenged with E. histolytica, ulcerative cecal lesions were produced which contained amoebae as the only invader (20) .
The relationships of pH levels in the crop to infection and resistance are not clear. Our chicks with E. coli monoflora had pH values in crop contents approximating neutrality, whereas the corresponding values were decreased in birds with the S. faecalis monoflora. In both cases, numbers of C. albicans in the crop were comparable after challenge. These data do not readily explain the apparent inhibition of hyphae formation and infectivity of C. albicans by E. coli. The increased pH in chicks with E. coli may reflect the synthesis of compounds by E. coli, which after challenge promote hyphal growth in C. albicans. Such compounds might include amines formed by decarboxylation of amino acids, since E. coli strains generally contained a greater array of decarboxylases than S. faecalis and related strains (6) . Good growth of C. albicans in vitro was obtained atpH 5.5 to 9.0 (10). Bacterial inhibition of C. albicans in vitro was not influenced by pH (18) . A possible explanation for the protective effect of E. coli may be the maintenance of a pH BALISH AND PHILLIPS in the crop which is optimal for activity of the "cell division" enzyme, protein disulfide reductase (9, 15, 16, 17) . The assay reaction mixture containing this enzyme was at pH 7.0. Since this enzyme is less active at pH 5.0 (9), then S. faecalis would tend to prevent cell division in C. albicans and permit the latter to grow as hyphae. Indeed, this occurred to a large extent in our challenged chicks containing S. faecalis.
The Eh values in crop contents from germ-free chicks were significantly decreased after inoculation with either S. faecalis or E. coli. Data on germ-free chicks were given earlier (1). These effects were more pronounced in chicks inoculated with S. faecalis, suggesting that this species synthesized a greater quantity of reducing compounds in the ciop than E. coli. From one point of view, one might expect that S. faecalis should provide greater protection against infection than E. coli. For instance, in vitro studies indicated that the addition of certain reducing compounds (especially SH compounds) to a culture medium resulted in preferential growth of the yeast form of C. albicans, whereas in the absence of such compounds mycelial growth predominated (13, 14) . Thus, if the sti-ain of S. faecalis in our chicks required methionine, this might tend to maintain the yeast form of C. albicans (3). Methionine was required by all strains of enterococci isolated from the rat (21) .
On the other hand, E. coli may have preferentially synthesized the kinds of reducing compounds in the crop which are required to maintain the yeast form of C. albicans. For example, the concentration of sulfhydryl compounds in the crop contents of germ-free chicks inoculated with either E. coli or S. faecalis should be determined.
The significance of the slight increase in all serum proteins in chicks with E. coli after challenge is uncertain, since similar results were obtained with challenged chicks containing S. faecalis. There remains the possibility that E. coli is a better stimulus of nonspecific resistance than S. faecafi. Our failure to detect agglutinins against C. albicans may be due to the use of the yeast form rather than the hyphal or mycelial form; we have no evidence for this as yet. Or perhaps the chicks were not old enough.
